To understand the basis of the thermally sensitive physiological processes that govern the duration of individual bouts of torpor, we determined torpor bout duration in relation to air temperature (Ta), body temperature (Tb), and oxygen consumption (Vo2) in hibernating golden-mantled ground squirrels, Spermophilus saturatus, during the midst of the hibernation season when bout length was stable. Over the range of Ta from 8 down to 2 C, length of torpor bouts increased as Tb and Vo2 decreased, and the difference between Tb and Ta (AT) remained about 1.5 C. However, when Ta was lowered from 2 C to -2 C, the trend reversed and torpor duration and Tb decreased, whereas Vo2 and ATincreased. This response is due to an increase in heat production that keeps Tb from declining below about 1 C. We examined our data in terms of the hypothesis that arousal is determined by accumulation of metabolites during torpor; if this is true, then the arousal frequency should be directly proportional to energy metabolism (Vo2). Using linear and multiple regression, we found that Tb and Ta are better predictors of torpor duration than V02. The best relationship was, however, achieved by regression of Tb and Vo2. We conclude that Tb per se also contributes, along with metabolism, to determining the length of torpor bouts.
The duration of torpor bouts is sensitive to environmental temperature. Experimental decrease in air temperature (Ta), which reduces body temperature (Tb), results in an increase in torpor bout duration (Twente and Twente 1965; French 1982). At low Tb both the rates of energy-substrate oxidation and the accumulation of waste metabolites are reduced. Because Tb is still regulated during torpor, although at a lower "set point" than during normothermia (Heller and Hammel 1972), and because Tb must be maintained at or above a specific minimum temperature (Tbminimum) even when Ta decreases below Tbminimum, it is necessary for the torpid animal to increase heat production when Ta < Tbminimum to avoid a lethal decline in Tb.
This suggests that if torpor duration is inversely related to the rate of metabolism, a In the present study we determined the duration of torpor bouts of captive goldenmantled ground squirrels, Spermophilus saturatus, as a function of Ta during hibernation. Spermophilus saturatus weighs 200-300 g and hibernates in nature from August or September to early April (Kenagy and Barnes 1988). We analyzed the relationship of torpor duration to energy metabolism (measured as oxygen consumption) and Tb in terms of the hypothesis that arousal is determined by accumulation of metabolites during torpor. Because the two determinations at Ta 4 C at the beginning and the end of the hibernation period were not significantly different (Student-Newman-Keuls test; P > .05), and because the duration of torpor was constant at 2 C, it was concluded that spontaneous seasonal changes in torpor duration were negligible and that any significant deviation from the mean duration at Ta 4 C was due to the effect of temperature.
MATERIAL AND METHODS

Seventeen
at 1000 hours for the displacement of fine sand from an animal's back that occurred when it had aroused during the previous 24 h. These measurements were made successively at Ta 4 C (December 3-December 26); Ta 8 C (December 27-January 11); Ta 2 C (January 12-February 4); Ta -2 C (February 5-February 28); and 4 C (March 1-April 15) ( fig. 1) . When a rapid decline in torpor bout duration occurred spontaneously in April, and some animals remained normothermic for more than 1 day, measurements were discontinued and the shortened bouts at the end of the hibernation season excluded from the analysis. A second group of 12 individuals was caught in spring 1986. During their nonhibernation period they were exposed to an artificial photoperiod of natural daylength and to temperature fluctuation as were the other individuals. Beginning in late October 1986 until April 1987 these animals were exposed to Ta 2 C and a constant photoperiod of 8L: 16D. Torpor duration was determined over the same time intervals as for the other individuals.
Oxygen consumption of torpid animals was determined after transferring -them from their cages in the walk-in holding chamber to a 2-liter respirometry vessel held in a small temperature-controlled (10.2 C) cabinet at the same Ta as in the walk-in chamber. Flow rate was 200 ml/ min. Because the sensitivity to disturbance increases toward the end of torpor bouts, these measurements were performed on days 2-4 of a bout. Vo2 was not determined until oxygen concentration stabilized;. these measurements lasted 3-6 h. The Vo2 during these measurements was determined by integrating the trace of percent oxygen concentration on the chart paper over a 60-min period. Tb was measured immediately after removal of the animal from the respirometer by 4-cm rectal insertion of a 36-gauge thermocouple.
Oxygen consumption was monitored continuously with an Applied Electrochemistry S-3A oxygen analyzer. Ta was measured continuously in the respirometer by thermocouple and recorded along with oxygen concentration on a Leeds and Northrup Speedomax 250. Point readings of Ta were taken using a digital thermometer. The digital thermometer and thermocouples were calibrated to the nearest 0.1 C with a mercury Bureau of Standards thermometer.
RESULTS
During the central part of the hibernation season over which our measurements were made, the influence of air temperature on torpor duration was significant, whereas effects of season were insignificant ( fig. 1) at Ta 2 C in a series of intervals was stable, at about 10-11 days, over the entire 4.5-mo period of the measurements. When animals were exposed to different Ta's, the duration of torpor changed distinctly. Torpor duration decreased when Ta was raised from 4 to 8 C and increased when Ta was lowered from 8 to 2 C. At Ta -2 C torpor duration was similar to that at 4 C. Because the duration of torpor at Ta 4 C in December and March/April did not differ significantly ( fig. 1) , we combined these measurements in further analyses.
When expressed as a function of Ta, torpor duration increased exponentially from a mean 1 SD of 4.6 1 1.1 days at Ta 8 C to 10.7 1 2.8 days at Ta 2 C (fig. 2a, see  eq. ). In contrast, a further decrease in Ta to -2 C resulted in a reversal of the pattern, and mean torpor bouts were only 8.5 + 1.8 days, which was significantly shorter than at 2 C (P < .05; Student-Newman-Keuls test).
Rate of oxygen consumption ( fig. 2b)  and torpor duration (fig. 2a) showed opposite responses to Ta. The Vo2 decreased from Ta 8 C to 2 C with a Qlo of 2.1, whereas torpor duration increased. The 20% reduction in torpor duration when Ta was decreased from 2 to -2 C was accompanied by a 5.5-fold increase in Vo2. Similarly, the difference between Tb and Ta (AT) increased when Ta was lowered from 2 to -2 C (fig. 2c) . In contrast, Tb decreased steadily over the entire range of Ta investigated ( fig. 2c) .
Linear and stepwise multiple regression analysis with torpor duration (TD in days) as dependent variable and Tb, Ta, and Vo2 as independent variables suggests that within the Ta range where Tb in torpor approximates Ta (Ta 2-8 C), torpor duration is negatively related with Tb and Ta (TD vs. Tb: 2 = .68, P < .0001, n = 21; TD vs. Ta: r2 = .66, P < .001, n = 21), whereas Vo2 was a weaker predictor of torpor duration (TD vs. Vo2: r2 = .34, P < .01, n = 21). Neither Ta nor Vo2, when considered together with Tb, could explain more of the variation in torpor duration than Tb alone. When a linear regression analysis was performed over the whole temperature range (-2 to 8 C), Tb again explained more of the variation in torpor duration (r2 = .28, n = 28, P < .01) than the two other variables. However, 63% of the variation in torpor duration was explained (r2 = .63, n = 28, P < .0001), in a multiple regression where Tb was considered together with Vo2.
The rate of oxygen consumption of torpid animals fluctuated in relation to ventilation over the course of the 3-6-h periods of measurement at most Ta's, and the pattern of these fluctuations varied with air temperature ( fig. 3) . At Ta 8 C and 4 C, the Vo2 alternated between low rates, during which intermittent apnea occurred, and high rates during polypnea (CheyneStokes respiration). We noted these patterns of ventilation by visual observation of our animals in their transparent respirometers via a window in the environmental cabinet. In contrast to fluctuations in Vo2 and ventilation at Ta 4 C and 8 C, the Vo2 at Ta 2 C was stable, and ventilation was relatively even. At Ta -2 C, the Vo2 showed a steady sinusoidal oscillation with a frequency of approximately 0.7 cycle/h. The pattern of breathing at -2 C was very regular, and the phase of increase in Vo2 was accompanied by a ventilation rate of about 6 breaths/min, while the phase of decrease coincided with 3-4 breaths/min. 2. The sharp increase in Vo2 when Ta was decreased from 2 C to -2 C is a much greater relative change than that at temperatures above 2 C, whereas torpor duration decreased only slightly below 2 C. The additional decrease of Tb by about 3 C over the Ta range of 2 to -2 C may further reduce the thermal sensitivity of the nervous system and thus allow longer torpor bouts at Ta's below the Tbminimum. Observations on hibernating hedgehogs, Erinaceus europaeus, also illustrate the lack of a direct relationship between torpor duration and metabolism; when torpor bout length was decreased by half in response to lowering of Ta below the minimum Tb, the Vo2 increased 22-fold (Soivio et al. 1968) . Similarly, when torpor duration of the small marsupial Planigale gilesi decreased, by half in response to colder Ta, the Vo2 showed a fivefold increase (Geiser 1985).
Because our hypothesis of reduced neural sensitivity to metabolites at low Tb does not explain all of the variation in torpor duration, other possibilities must also be considered. The hypothalamic set point for Tb, Tt, in torpid animals gradually increases shortly before arousal (Florant and Heller 1977) . The time of arousal may thereby coincide with the time when T, rises far enough to induce arousal. However, if this effect were directly responsible, torpor duration at high Tb should last longer than at low Tb, in contrast to the observations presented here, because Te, at high Tb should reach the arousal stimulating difference from Tb later than at low Tb. If, however, the time of increase in T,, were related to Tb and the metabolic rate during torpor, the rise in Tet as an arousal stimulus may explain our observations. Another possibility is that the increased sympathetic activity associated with temperature regulation at Ta -2 C increases the sensitivity or irritability of the animal. These phenomena may operate at the low Ta's, whereas temperature-sensitive timing mechanisms may operate at the higher Ta's. Therefore the reduction of the dura-447 tion of torpor at Ta -2 C may reflect a switching of regulatory mechanisms for timing of arousals. The Ta of -2 C may be low enough to approximate 7
Iarm at which arousal is initiated, rather than a continuous proportional control of Tb at all Ta's.
Willis, Goldman, and Foster ( The selection of thermally appropriate hibernacula is important because both energy metabolism and torpor duration are influenced by Ta. Hibernation at high temperatures would result in higher metabolic rate during torpor and more frequent, energetically costly arousals. The same applies for the condition where environmental temperature falls below the
